The correlation between the 6-minute walking distance and obesity has been only partially explored. Results obtained from the existing predictive equations are influenced by a variety of factors (health status, severity of obesity, reduced muscle strength and mobility, decreased aerobic capacity, presence of comorbidities).
Introduction
Obesity (generally defined by body mass index (BMI) ≥30 kg/m 2 ) is a chronic disease due to complex pathogenesis, and it is characterized by a significantly increased comorbidity and severe consequences affecting the quality of life and overall disability [1] . The risk of disability is significantly higher in obese subjects: obesity impairs the interaction between the individual and the environment, reduces independence in activities of the daily living and participation in social life [1] . It is known that: difficulty in activities of the daily living (ADLs) increases progressively with the degree of obesity [2] ; fat mass, in particular the abdominal fat mass, is inversely related to physical performance and motor function, especially if associated to the decrease of the lean mass (the so-called sarcopenia) [3, 4] ; the increase of waist circumference and waist-to-hip ratio is positively associated to functional limitations and disability in the ADLs as well as in the instrumental activities of daily living (IADLs) [5] .
Another factor responsible for disability is the impaired respiratory function linked to obesity. In fact, the increased fat accumulation might impair the thorax mechanic efficiency in obese people, leading to alter respiratory conditions, which, in a vicious circle, worsen the functional impairment [6] . In obese subjects, the metabolic cost and the oxygen consumption are higher, pulmonary volumes are reduced with increased ventilation and respiratory muscles are under greater strain. Indeed, dyspnea occurs frequently in obese subjects and the expiratory flow is reduced even in absence of bronchial obstruction [7] . Moreover, obesity is strictly linked to respiratory disorders during sleep, such as the Sleep Apnea Syndrome, characterized by a repeated total or partial (hypopnea) collapse of the upper airway, inducing an irregular respiratory rhythm during sleep with intermittent transitory hypoxia [8, 9] .
In the onset of the obesity-related disability, functions linked to the lower limbs (strength and balance capacity) appear to be more susceptible than those associated to the upper limbs (strength and dexterity) [10] [11] [12] . Exercise capacity is a strong predictor of disability as well as morbidity in the general population: physical functioning and exercise capacity are associated with improved quality of life and survival [13, 14] . No test performed under resting condition is able to predict the cardiac and respiratory functions, and symptoms linked to physical activity, especially dyspnea, are weakly correlated with cardio-pulmonary function evaluations when performed at rest. Physical exercise, involving different organs and systems such as heart, lungs and muscles, allows a more complete evaluation of the functional reserve [15] [16] [17] . Individual exercise capacity can be assessed only by means of a standardized reproducible physical effort. Walking capacity (i.e. 
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Comparison of the results obtained applying different equations from the literature to the experimental sample
Obese patients (BMI ≥30 kg/m 2 ) were recruited in the rehabilitation facility at the Department of Experimental Medicine, Medical Physiopatology, Food Science and Endocrinology Section from January 2009 to December 2011. They represent all the obese patients hospitalized in the facility during the survey period.
The exclusion criteria included: age <18 years or >80 years; bedridden subjects; clinical conditions (unstable angina, myocardial infarction in the previous month, uncontrolled hypertension with blood pressure values exceeding 180/100 mmHg) contraindicating the 6MWT performance and those who have had to stop the test as required by the Guidelines (chest pain, intolerable dyspnea, leg cramps, staggering, excessive sweating, etc.) [23] .
All the recruited subject underwent the following evaluations and measurements: i) anthropometric measurements, following the procedures described in the Anthropometric standardisation reference manual by Lohman et al. [32] , performed by a skilled operator. Body weight was measured to the nearest 0.1 kg through a standard column body scale (SECA, Hamburg, Germany). Body height (using a rigid stadiometer -SECA, Hamburg, Germany), waist (W) and arm circumferences (AC) (using a measuring tape) were determined to the nearest 0.1 cm. ii) 6MWT, following the guidelines by the American Thoracic Society [23] . In particular, suggested safety rules, as well as the criteria for immediate stopping the test (chest pain, intolerable dyspnea, leg cramps, staggering, diaphoresis, pale or ashen appearance) were respected. The day before the test, an exhaustive explanation of the procedures, including where the test would take place, was provided to the patients. The 6MWT was performed in an undisturbed 20-meter hospital corridor marked every 2 meters with colored tape on the floor. Before the test, the subject's pulse, respiratory rate, peripheral capillary oxygen saturation (SpO 2 ) and blood pressure were measured. At 1-, 3-and 5-minute during the test, the subject's pulse and SpO 2 were verified using a portable pulse oxymeter. At test completion, the subject's pulse, respiratory rate, SpO 2 , blood pressure and perceived fatigue on Borg's scale were measured [33] . Subjects were instructed to walk as far as possible for 6 minutes and received standardized encouragements [23] . They were allowed to stop or rest during the test if necessary. The distance walked in 6 minutes was computed.
The results calculated from those equations were compared with the distances actually walked by the subjects in our study sample.
From the distance walked during the 6MWT and the body weight of the subjects the workload was calculated as (body weight * walked distance) [31] .
Data analysis and statistics
The study protocol was approved by the Ethical Committee of the Sapienza University of Rome and all the subjects gave their oral and written informed consent to the anonymous use of personal data.
A t-test was performed to describe differences between means (walked vs predicted distance at the 6MWT). Differences were considered to be statistically significant for p<0.05. Statistical analysis was performed using SPSS 10.0 statistical software (SPSS Inc Wacker Drive, Chicago, IL, USA).
Results
Identification of the prediction equations of the six-minute walked distance in the literature From the literature, 14 equations for the estimation of the distance walked at the 6MWT were selected. The main characteristics of the walking a certain distance) represents a rapid and cost-saving measurement of the functional reserve and of quality of life, reflecting the ability to perform the activities of daily living [18] . The 6-minute walking test (6MWT) is an easy to administer, inexpensive and safe tool to assess cardiovascular fitness, and its results are highly correlated with other cardiovascular and respiratory functional tests (e.g. Sit-to-stand test, VO2max and maximum work capacity) [19] . Walking, rather than cycling, has also the advantage to be more reflective of the subject's habitual activities [20] .
Many authors have previously studied the factors influencing the 6-minute walking distance in healthy adults and several predictive equations have been developed [21, 22] . After the publication of the official guidelines for the 6MWT elaborated by the American Thoracic Society in 2002 [23] , several studies have been carried out aiming at the development of predictive equations of the 6MWT in different population groups, taking into account ethnicity and specific conditions. Prediction equations allow the comparison of the performance with subjects matched for age, gender and clinical status. Comparison to normative data can be useful to assess functional capacity, plan exercise intensity, monitor changes over time and interpret results of the interventions [24] [25] [26] [27] .
Few studies have explored the performance during the 6MWT in obese subjects [28] [29] [30] [31] . Despite high reproducibility, results from these studies are influenced by a wealth of factors, including health status, severity of obesity, reduced muscle strength and mobility, decreased aerobic capacity and presence of comorbidities, with special regard to pulmonary and cardiovascular diseases. According to the predictive equations from the literature, obese subjects consistently show a deficit in distance walked and in work exerted for walking when compared with normal-weight subjects. Reference values obtained from healthy, normal-weight populations therefore predictably underline the reduced performance capacity of obese individuals. Instead, reference values specific for this population would serve as benchmark to assess baseline functional capacity, prescribe proper and safe exercise intensity and monitor changes after rehabilitation interventions.
The aim of our study was therefore to verify, compare and discuss the predictive capacity of the equations currently available in the literature in a sample of obese subjects actually performing the 6MWT.
Materials and methods

Identification of prediction equations for the six-minute walked distance in the literature
Relevant studies were identified in PubMed run by the NCBI of the National Library of Medicine of Bethesda (USA), through selection of key-words such as 6MWT, reference equation, prediction, obesity that define the interest field of the documents to search, grouped in inverted commas ("…") and used separately or in combination. The boolean AND operator to allow logical relations among concepts and research modalities such as advanced search were used.
The considered limitations were papers on human subjects, aged >18 years, written in English, French or Italian. No limits were imposed as for the year range of the literature review.
The results of the selected papers were presented and compared with a particular reference to the first author, the name of the journal where the study was published, year of publication, study characteristics, selection criteria, subjects included, validation procedures, presence of subjects with a BMI ≥30 kg/m 2 .
We selected the predictive equations to be applied to the experimental sample performing the 6MWT among the formulas validated in the Italian population and/or used in samples of obese subjects. Original Article studies are reported in Table 1 . In particular, two equations [29, 31] had been specifically developed for obese subjects, while in other eight studies [18, 26, [35] [36] [37] [38] [39] [40] both obese (BMI ≥30 kg/m 2 ) and non-obese subjects were enrolled. In four papers [20, 25, 34, 41] no information was available with respect to the presence or absence of obese subjects in the study sample. Only four studies [18, 34, 35, 37] used a randomized selection of the subjects. The most used exclusion criteria were smoking (8 studies), cardiovascular, respiratory and chronic diseases pime pime pime pime p pi im me e EDITRICE 
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Comparison of the prediction capacity of the equations in our population sample
We enrolled 295 subjects (74 men, mean age 47.1±13 years, and 221 women, mean age 48.3±15 years). All the participants showed a BMI ≥30 kg/m 2 (44.0±7 kg/m 2 in men and 42.4±7 kg/m 2 in women, respectively). Statistically significant differences (p<0.05) emerged between males and females especially with regard to the distance walked during the 6MWT (448.5±107 m in men versus 422.8±82 m in women, respectively). Calculated workloads (body weight * walked distance) were 57901.0±7250 vs. 44774.5±6873 kg.m for men and women, respectively (p<0.05) and globally 47955.3±7145 kg.m for the entire sample.
The results concerning the reliability of predictive models from the literature are shown in Table 3 . In particular, the difference between walked and predicted distance varied from 81.5 to 153.2 m for males and from 52.4 to 119.5 m for females. None of the equations was able to predict with accuracy the distance walked at the 6MWT (both for the whole sample or according to gender), although the correlations between the predicted and walked distances resulted significant (p<0.05) for all of the equations. The calculated workloads were also different in the studies considered (Figure 2) . Table 4 depicts the procedures adopted and the samples selected in different validation studies on the 6MWT.
Discussion
In the literature we found 14 different reference equations for predicting the distance walked during the 6MWT. Despite similar study design, the considered articles varied with regard to the number of individuals enrolled and their age range. In most studies, the reference equations were obtained by using linear multiple regression models, including demographic and anthropometric features as independent variables.
The equations that we selected in the existing literature (Enright et al. [18] , Capodaglio et al. [29] and Chetta et al. [34] ) do not appear to reliably predict the distance walked during the 6MWT when applied to obese subjects. According to the data obtained in our study, significant differences emerged between the distance walked by obese individuals in our sample and the distance estimated using the equations above mentioned.
A possible explanation for the discrepancies we found may be due to the differences in the populations used in the studies and examined for the validation of the equations. Enright et al. [18] and Chetta et al. [35] enrolled healthy subjects with only a low proportion of obese subjects. Moreover, distances walked in these studies were higher than in our sample, even at a lower workload. Our data are consistent with the results of a study by Hulens et al. [30] (despite differences in the study design regarding the control group) showing that the distance walked during the 6MWT was shorter in obese (131.0 m) and even shorter in morbidly obese women (183.4 m) than the distance walked by lean controls. Indeed, obese participants walked 81.9% and morbidly obese only 64.6% of the distance lean women were able to walk. Despite similar study sample characteristics and methods [23] (Italian subjects admitted to a Rehabilitation Unit devoted to the management of functional and clinical complications of obesity, with similar BMI and gender distribution), our results are not consistent with those provided by Capodaglio et al. [29] . Discrepancies might be due to the higher mean age in our study (10 years higher), the lower track length (20 m in our study versus 30 m), as well as the lower workload in our study. There is some evidence that track length does not appear to significantly influence the distance walked during 6MWT [43] . On the contrary, age (in particular age >60 years) may be considered one of the most important factors influencing the distance walked during the (11 studies), use of medications that could affect the exercise capacity (3 studies), use of walking aids or ortheses (4 studies), neuromuscular and ostheoarticular diseases (6 studies). Figure 1 describes the selection procedure [42] while Table 2 summarizes the variables included in the selected equations predicting the distance walked during the 6MWT and the validity of the proposed models through R 2 values.
Predictive equations applied to the experimental sample performing the 6MWT were the followings: [34] ) The selection of the equations was based on the following considerations: i) the equations by Enright et al. [18] , although not very recent, were selected because they have been considered as the reference equations for the 6MWT in many papers; ii) the equation by Chetta et al. [34] has been chosen because it has been validated in the Italian population; iii) the equation by Capodaglio et al. [29] was included because, besides having been validated in the Italian population, considers a large sample of obese subjects (the only other equation validated in obese individuals [31] was developed using a sample of 43 subjects). 
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6MWT [25] . In fact, age represents a proxy of disability, which evidently affects the performance during the 6MWT. In our sample 20% of subjects were over 60 years and 3% were 70 years old, whereas in the paper by Capodaglio et al. [29] age ranged from 20 to 60 years. Even if age was taken into account as explanatory variable by those Authors [29] , the equation was validated in a sample whose age was below 60 years, thus reducing the predictive validity for elderly subjects. Two studies suggest that 6MWT seems to be highly reproducible and reliable in overweight and obese individuals [28, 31] and that it could be used to quantify some aspects of the functional capacity of obese patients and to monitor changes in fitness over the course of weight management interventions. Obesity increases the work load for a given amount of exercise, probably resulting in the shorter distances walked by women with a higher body weight or BMI; moreover, both body weight and BMI were significant when entered into the models [18, 20] . Other studies reported [25, 28, 30, 37] significant correlations between the distance walked during 6MWT and height, body weight, and BMI. On the contrary, Poh et al. [39] failed to show an inverse relationship between BMI and the distance at the 6MWT. In another study [35] , BMI was more linearly associated with the distance at the 6MWT in females than in males. Women with a BMI >25 kg/m 2 walked shorter distances, while a positive correlation was observed between distance walked and women with BMI <25 kg/m 2 .
In consideration of the data mentioned above, BMI does not seem to thoroughly describe function in obesity, and therefore other variables with reference to the clinical and functional status should be taken into account. Variables used in the existent literature may not thoroughly capture the complexity of disability in obese people. In fact, obese individuals, in association with the increased BMI, show an energetic, cardiac and respiratory, limitation leading to a mobility impairment [45, 46] , together with the relative reduction of skeletal muscle strength and general deconditioning, also leading to disability [47, 48] . Other potential contributors to the disabling status of obese subjects are the friction of the skin through fat depositions on the thighs, the increased plantar foot pressure (first and lesser metatarsal, mid-foot and heel region), as well as the pain and discomfort experienced when performing physical activities [30, [49] [50] [51] .
Investigating the difference in walking capacity between obese and non-obese women, Hulens et al. [30] found that 59% of the variance could be explained by BMI but other important variables, such as peak aerobic capacity, knee extension torque, age and hours of TV viewing, resulted to play an important role in determining walking capacity of obese subjects. pime pime pime pime p pi im me e EDITRICE Table 2 . Variables included in the equations predicting the distance walked at the 6MWT and validity of the proposed models.
Study
Variables included in the equation R 2 Alameri H et al. [35] Age, Height 0.25 Ben Saad H et al. [36] Gender, age, weight, height 0.77 Camarri B et al. [37] Gender, age, weight, height 0.36 Capodaglio P et al. [29] Gender, age, BMI 0.48 Casanova C et al. [40] Age, height, weight, HR 0,38 Chetta A et al. [34] Gender, age, height 0.42 Enright PL & Sherrill DL [18] Gender, age, weight, height (or BMI) 0.42 M, 0.38 F Enright PL et al. [20] Gender, age, weight, height 0.20 Gibbons WJ et al. [25] Gender, age 0.41 Iwama AM et al. [38] Gender, age 0.30 LarssonUE et al. [31] Gender, height, BMI, final HR, HR at rest, 0,71 Masmoudi K et al. [41] Gender, age, weight, height 0.60 Poh H et al. [39] Age, weight, height, hearth rate 0.78 Troosters T et al. [26] Gender, age, weight, height 0.66
Legend: 6MWT: six minute walk test; HR: heart rate; BMI: body mass index. Original Article pime pime pime pime p pi im me e EDITRICE 
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Beriault et al. [28] reported that, although BMI is negatively correlated with the distance walked during 6MWT, the actual distance measured in their sample was shorter than in other studies, suggesting that cardiopulmonary fitness of their participants was poorer than in other studies.
In line with these findings, significant correlations were observed between the distance walked during the 6MWT and FEV1 (forced expiratory volume in 1 second), carboxyhemoglobin or minutes walked in the previous week [37] .
In addition to the variables mentioned above, linked to clinical and functional impairment, other potential sources of variance may be the different attitudes, beliefs or mood of the participants. In fact, it has been demonstrated that psychological status is related to exercise capacity [52, 53] .
In order to develop equations with higher predictive capacity, a number of variables, like heart rate, oxygen saturation, blood pressure, muscle strength, and lifestyle, besides the variables previously cited, should be included in the statistical models. Nevertheless, their inclusion in an equation could appear unpractical for clinical use, as most of these parameters are infrequently available in clinical practice [29] . The lack of attention towards these variables leads to a minor precision in the predictive capacity, as shown by R 2 values of different equations, rarely higher than 50%.
Most of the published predictive equations show a high variability in their predictive power, not only when applied to obese subjects, confirming that others factors, usually not considered in the performance of the test, could play an important role in the distance walked [54, 55] . In a multi-centric study carried out by Casanova et al. [40] , despite standardized procedures, similar age and anthropometric variables in the samples enrolled in the 10 centers over 7 countries, the predictive equation developed from the study had an important variability across the centers (R 2 adjusted: 0.09-0.73) and explained less than 30% of the variance of the distance walked during the 6MWT in four centers. Additionally, not all variables had a predictive role in each center. The authors stated that there were geographic variations in the distance obtained during the 6MWT that could not be explained by anthropometric factors.
It appears that predictive equations should be validated in the specific population for which they will be used. Studies that have been adopting equations validated on other populations than the experimental one have failed to confirm their validity [56] . The reason for that is likely multifactorial: the standardization procedure used in the test (especially for tests performed before 2002), the track length, the number of tests used for familiarization purposes (there is a learning effect when the test is performed twice, with a mean 15% improvement in distance walked [18] ), the ethnicity, the clinical differences, the anthropometric characteristics (height in particular), and nutritional status must be taken into account [56, 57] . Even different speed of habitual walking, cultural and socio-economic aspects related to lifestyle, lack of adequate effort [18] might affect the predicted distance [40] .
Finally, all of the equations in the existing literature and reported in our study are unable to explain a variance of the phenomenon higher than 50%. Most of the differences that we observed between the walked distance and the predicted distance are probably due to this intrinsic error in the equations. Hence, we stress the need to consider parameters involving the clinical, functional, and psychological status, which should be included in the predictive equations for the distance walked during the 6MWT, especially when they have to be applied to particular population subsets, like morbidly obese individuals [44] .
Possible limitations of our study are: i) the selection of the equations (see Methods section) derived mainly from healthy, normal weight populations. However, the selected equations are the most frequently used in clinical settings worldwide. The results seem to suggest the need for specific equations in obese subjects and to consider with caution the results obtained from these equations when evaluating individual capacity; ii) the different length of the walkway we used (in this study was 10 m shorter than the one used by Enright) [58] might have biased the results, although it appears very unlikely, as already commented by other authors [43] , that this particular circumstance might have caused such a marked difference in the results. However, it has to be verified whether, turning around and changing direction about 25 times in a six-minute time, particularly in obese subjects where there are higher inertia and biomechanical constraints in rapid movements, would or not affect the performance; iii) a familiarization test was not performed in our sample. The ATS Guidelines for the SixMinute Walk Test state that a practice test is not needed in clinical settings although it should be considered. In fact, the six-minute walked distance is only slightly higher for a second 6MWT performed a day later and the mean reported increase ranges from 0 to 17% [23] . In our study, the day before the 6MWT, an exhaustive explanation of the procedures, including where the test would take place, was provided to the patients in order to make the test more reliable (by improving coordination, finding optimal stride length, and overcoming anxiety [23] ),
In conclusion, the distance walked during the 6MWT by obese subjects does not appear to be only influenced by age, gender, BMI and body weight and height, as suggested by most of the equations available in the literature. The present study raises criticisms on the accurate prediction capacity of the available equations on 6MWT results in obese subjects. Bearing in mind that the main objective of the test in obese subjects undergoing nutritional rehabilitation is to assess functional capacity, and plan and monitor interventions, future research should be designed and performed in order to develop and validate populationspecific equations, by including variables related to clinical, functional, and psychological areas usually impaired in obese individuals. 
